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Streptomyces calvus is best known as the producer
of the fluorinated natural product nucleocidin. This
strain of Streptomycetes is also unusual for display-
ing a ‘‘bald’’ phenotype that is deficient in the for-
mation of aerial mycelium and spores. Genome
sequencing of this organism revealed a point muta-
tion in the bldA gene that is predicted to encode a
misfolded Leu-tRNAUUAmolecule. Complementation
of S. calvus with a correct copy of bldA restored
sporulation and additionally promoted production
of a polyeneoic acid amide, 4-Z-annimycin, and a
minor amount of the isomer, 4-E-annimycin. Bioas-
says reveal that these compounds inhibit morpho-
logical differentiation in other Actinobacteria. The
annimycin gene cluster encoding a type 1 polyketide
synthase was identified and verified through disrup-
tion studies. This study underscores the importance
of the bldA gene in regulating the expression of
cryptic biosynthetic genes.
INTRODUCTION
A hallmark of Streptomyces, fungi, and other microbes is their
capacity to produce a wide range of bioactive secondary metab-
olites. Many of these compounds have had a profound impact on
human health in the form of antibiotics, anticancer agents, and
herbicides. It is now well established from genome sequencing
that a given Streptomyces strain has the potential to synthesize
25–30 secondary metabolites. However, only a small fraction of
these molecules (ca. 10%) are produced at significant levels un-
der typical cultivation conditions. Therefore, if Streptomycetes
are considered as a whole, a staggering pool of secondary me-
tabolites has yet to be characterized (Bentley et al., 2002; Oh-
nishi et al., 2008). Over the past decade, much effort has focused
on developing methods that allow the expression of such cryptic
genes in Streptomycetes and other microorganisms to deter-1214 Chemistry & Biology 20, 1214–1224, October 24, 2013 ª2013 Emine the structures and bioactivities of the encoded molecules.
This includes selection for mutations in genes that enhance tran-
scription and translation (e.g., rpoB, rpsL, and rsmG; Ochi,
2007), overexpression or disruption of regulatory genes
(Behnken et al., 2012; McKenzie et al., 2010), modification of
the culture medium (Bode et al., 2002), and overexpression of
cryptic biosynthetic genes in heterologous hosts (for reviews,
see Baltz, 2011; Winter et al., 2011).
A second distinguishing feature of Streptomycetes is a com-
plex, fungal-like life cycle. Unlike bacteria that divide by binary
fission, the typical Streptomcyes life cycle begins as a single
spore that germinates to produce vegetative mycelium. On solid
media, this is followed by the production of aerial hyphae that
ultimately segment into long chains of new spores. Biosynthesis
of many secondary metabolites is also induced during sporula-
tion, possibly to protect the nutrients provided by the dying
mycelium from other microorganisms (Chater, 2006). The sporu-
lation stage, although invaluable to the organism for living in
harsh environments, is not essential for cell growth and nonspor-
ulating strains, which exhibit a ‘‘bald’’ and glossy phenotype, can
still grow vegetatively.
It has long been observed that the inability to sporulate can
hamper secondary metabolite biosynthesis in Streptomycetes.
Early studies revealed that bald mutants of Streptomycetes
were deficient in the synthesis of secondary metabolites and
that a number of bld genes (bld = bald) are required to initiate
aerial hyphae development (reviewed in Chater, 1993; Chater
and Chandra, 2008). Among the bld genes, bldA is unique for
encoding a tRNA molecule that is necessary for the translation
of mRNA UUA codons specifying leucine (Leu-tRNAUUA; Leskiw
et al., 1991). At the DNA level, the TTA codon is the rarest of
codons in GC rich genomes of Streptomcyes; for example,
S. coelicolor has only 145 genes with TTA codons (Chater and
Chandra, 2008). A highly conserved TTA codon is found in the
adpA gene (also known as bldH) encoding a central transcrip-
tional activator involved in the A-factor cascade (Chater, 2006;
Chater andChandra, 2008). AdpA targets several genes involved
in secondary metabolite biosynthesis and morphological differ-
entiation, including sporulation. Thus, the absence of Leu-
tRNAUUA in bldA mutants leads to a bald phenotype due to the
absence of expression of the adpA gene. Intriguingly, TTAlsevier Ltd All rights reserved
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regulating the biosynthesis of secondary metabolites, suggest-
ing that their expression may likewise be dependent on the
expression of the bldA gene (Chater andChandra, 2008). Indeed,
a direct dependence on bldA has been shown in a number of
cases, including biosynthesis of actinorhodin, undecylprodigio-
sin, andmethylenomycin in S. coelicolor (Chater, 2006); puromy-
cin in S. alboniger (Tercero et al., 1998); a bacteriocin in
S. ipomoeae (Wang et al., 2009); and expression of a landomycin
regulatory gene in S. globisporus (Rebets et al., 2006).
Streptomyces calvus presents an interesting opportunity to
explore the relationship between morphological development
and secondary metabolite biosynthesis. First isolated in the
1950s by American Cyanamid from a soil sample obtained in
India, S. calvus was noted for its poor ability to sporulate on a
variety of media (hence the root of its name ‘‘calvus,’’ the Latin
word for bald; Thomas et al., 1956, 1959). S. calvus (ATCC
#13382) is best known for producing a rare fluorinated natural
product nucleocidin, an adenosine analog that contains a 50-
sulfamate and a 40-fluorine (Morton et al., 1969). Our interest in
the biosynthetic potential of S. calvus led us to hypothesize
that impaired sporulation in S. calvus may prevent expression
of certain biosynthetic genes. In this work, we show that comple-
mentation of S. calvus with a correct copy of the bldA gene
restores sporulation and induces production of a polyene 4-Z-
annimycin (1) and its isomer 4-E-annimycin (2). The structure of
1 led to the identification of the corresponding polyketide syn-
thase genes in the genome sequence of S. calvus, from which
a biosynthetic pathway can be proposed.
RESULTS
Analysis of the bldA Gene Product
The draft DNA sequence of the S. calvus genome contained 7.72
Mbp of sequence that was dispersed across 4,710 contigs. The
S. calvus bldA sequence was retrieved by a BLAST analysis of
the genome using the S. coelicolor bldA gene as a query
sequence. A sequence alignment of the S. calvus bldA gene
with those from other Streptomycetes revealed a point mutation,
A21G (Figure 1A), at a strictly conserved position that resides
in the D loop of the folded Leu-tRNAUUA molecule. This is
notable because S. coelicolor bldA mutants were previously
shown to arise from several substitutions in the encoded Leu-
tRNAUUA, including two in the D arm (C22U and A23C; Lawlor
et al., 1987). A prediction of the secondary structure of
S. calvus Leu-tRNAUUA using RNAfold (http://rna.tbi.univie.ac.
at/cgi-bin/RNAfold.cgi; Zuker and Stiegler, 1981) revealed a pro-
found effect on the minimum free energy structure of the mole-
cule due to the A21G substitution (Figure 1B). This structure is
far removed from the typical ‘‘clover-leaf’’ topology that is ex-
pected for a functional tRNA molecule. Although the anti-codon
and variable arms remain intact in this predicted structure, the
A21G substitution leads to formation of a new GC base pair
with C61 that destroys the folds of the D- and TJC arms. In
contrast, RNAfold predicts that replacing the erroneous G21
with the conserved A will restore the proper fold of the Leu-
tRNAUUA molecule (Figure 1C). Because Leu-tRNAUUA is neces-
sary to express the adpA gene, encoding a global transcriptional
regulator that is essential for morphological changes such asChemistry & Biology 20, 1214–1sporulation (Higo et al., 2011), we hypothesized that the bald
phenotype shown by S. calvus is due to the A21G substitution.
Complementation of S. calvus with a Functional Copy of
bldA Restores Sporulation
A sequence containing the bldA gene from S. coelicolor was
cloned into the Escherichia coli-Streptomyces shuttle plasmids
pUWL and pTESa (Herrmann et al., 2012). The resulting plasmid
pUWL-bldA replicates autonomously in Streptomyces, whereas
pTESa-bldA is an integrative plasmid based on fC31 integrase.
Both plasmids constitutively express the bldA gene from ermE*
or rpsL promoters (see Supplemental Experimental Procedures).
The plasmids were introduced separately into S. calvus by inter-
generic conjugation with E. coli, and exconjugants correspond-
ing to S. calvus/pUWL-bldA or S. calvus att::[bldA, aac(3)IV]
were selected on mannitol-soya-agar plates supplemented
with apramycin. As shown in Figure 1D, expression of a correct
copy of the bldA gene in S. calvus from either plasmid produces
a sporulating phenotype, whereas S. calvus containing the
empty pUWL plasmid displays the bald phenotype as is typically
observed for the wild-type strain.
The bldAGene in S. calvus Can Spontaneously Revert to
a Functional Form
Upon growing wild-type S. calvus at high density on mannitol-
soya-agar plates, a small number of individual colonies were
observed to form spores. These colonies were isolated and re-
grown on MS-agar to confirm the sporulating phenotype
(Figure S1A available online). These sporulating variants of
S. calvus did not grow on media containing apramycin (Fig-
ure S1B), excluding the possibility of contamination with
S. calvus/pUWL-bldA or S. calvus att::[bldA, aac(3)IV]. The
bldA sequences were amplified from these variants by PCR
and subsequent DNA sequencing revealed that G21 had been
replaced by A, thereby leading to the functional form of the gene.
Analysis of Effect of bldA Expression on the Secondary
Metabolite Profile of S. calvus
S. calvus harboring pUWL-bldA or the empty pUWL plasmid
was grown in a variety of media for 4–7 days. Ethyl acetate ex-
tracts from these cultures were analyzed by LC-MS to reveal
distinct differences arising from expression of the bldA gene.
An example of the extract derived from growth in SG media is
shown in Figure 2A, upper chromatogram. A prominent peak
eluting at 19 min was observed in all of the extracts for
S. calvus/pUWL. The compound 3 was isolated and determined
by NMR spectroscopy to be a nonribosomal peptide that
accounts for the majority of the NRPS adenylation domains
encoded in the S. calvus genome (data to be published else-
where). However, in extracts from S. calvus / pUWL-bldA the
intensity of the peak for 3 had diminished, and two new peaks
were observed at 21.6 and 21.9 min (Figure 2A, lower chromato-
gram). Compound 1, corresponding to the larger 21.6 min peak
had a distinctive absorbance spectrum, with maxima at 295,
307, and 321 nm, and amolecular ion ofm/z = 330.3 in the nega-
tive ion ESI mass spectrum (Figure 2B). Compound 2 eluting at
21.9min had essentially the same absorbance andmass spectra
as 1 (Figure 2B), suggesting that 1 and 2 are isomers. Peaks with
the distinct absorbance spectrum shown by 1 and 2 could not be224, October 24, 2013 ª2013 Elsevier Ltd All rights reserved 1215
Figure 1. The S. calvus bldA Gene Contains a Mutation at a Conserved Position that Encodes a Misfolded Leu tRNAUUA
(A) Alignment of the Leu tRNAUUA sequences for S. calvus ATCC 13382 and other Streptomycetes. The A21G point mutation in S. calvus bldA is indicated with an
arrow.
(B) The secondary structure of S. calvus Leu tRNAUUA predicted with RNAfold. A21 is highlighted in red and C61 in blue. The predicted minimum Gibbs free
energy is indicated below the structure.
(C) The predicted secondary structure of S. calvus Leu tRNAUUA with a corrective G21A substitution.
(D) Expression of a correct copy of bldA in S. calvus from the replicative plasmid pUWL-bldA (top frame) or integrative plasmid pTESa-bldA (bottom frame)
restores sporulation. S. calvus containing the empty pUWL plasmid exhibits the bald phenotype (middle frame). All three strains are shown after 5 days growth on
mannitol-soya-agar. Sporulating variants isolated from populations of wild-type S. calvus also have a correct version of the bldA gene.
See also Figure S1.
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pUWL. The S. calvus att::[bldA, aac(3)IV] strain likewise pro-
duced 1 and 2 (Figure 2C), as well as the sporulating variants
of S. calvus (Figures S1C–S1E).
Isolation and Structural Analysis of 4-Z-Annimycin (1)
and 4-E-Annimycin (2)
Compound 1 was produced on a large scale by cultivating
S. calvus att::[bldA, aac(3)IV] in 2 l of MYGlc medium. Following
extraction with ethyl acetate and purification by flash silica gel
chromatography, 4 mg of compound 1was obtained as a brown
gum. The structure of 1was determined by a combination of 1H-,
13C-, HSQC, COSY, HMBC, and ROESY NMR spectroscopy, as
well as HR-ESI-MS (see Supplemental Experimental Procedures1216 Chemistry & Biology 20, 1214–1224, October 24, 2013 ª2013 Eand Figures S2A and S2B). The spectral data are summarized in
Figure 3. The conjugated polyeneoic acid structure of 1 is con-
sistent with distinct absorbance spectrum of this compound
(lmax = 295, 307, and 321 nm). The C4/C5 double bond has Z
stereochemistry (JH4,H5 = 10 Hz), which is not commonly seen
in polyketides, whereas the remaining double bonds have the
more typical E stereochemistry. An unusually broad signal in
the 13C-NMR spectrum of 1 (d 29.7 ppm; Figure S2B) implied
the presence of a tautomeric exchange, and further analysis re-
vealed that this signal arose from the C30 and C40 carbons of a
2-amino-3-hydroxycyclopent-2-enone group (referred to as
C5N), connected to the polyene through an amide bond.
A mixture of 1 and 2 was produced by S. calvus att::[bldA,
aac(3)IV] in patent medium (2 l). These were isolated by flashlsevier Ltd All rights reserved
AC
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Figure 2. Expression of a Correct Copy of bldA Changes the Secondary Metabolite Profile of S. calvus
(A) HPLC chromatogram of ethyl acetate extracts derived from S. calvus / pUWL and S. calvus / pUWL-bldA grown in SG medium. Two polyenes 1 and 2 are
observed in the S. calvus / pUWL-bldA strain. A prominent peak for a nonribosomal peptide 3 is observed in the S. calvus/pUWL strain.
(B) Absorbance and mass spectra (negative ion mode) for 1 and 2.
(C) HPLC chromatogram of S. calvus att::[bldA, aac(3)IV] after 4 days growth in SGmedium. The peak 4 corresponds to the polyeneoic acid precursor to 1 and 2.
(D) Absorbance and mass spectra (negative ion mode) for 4.
(E) Plot of the ratio of 1:2 based versus time based on HPLC analysis of culture extracts. Data points represent the mean and ± SD for three cultures. Sporulating
variants isolated from wild-type S. calvus also produce 1 and 2.
See also Figures S1 and S3.
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Attempts to isolate the two compounds on a preparative scale
were unfortunately unsuccessful. However, 1H-nuclearmagnetic
resonance (NMR) analysis of the mixture revealed an isolated
signal for H3 of 2, which through COSY spectroscopy (Fig-
ure S2C) allowed the identification of the signals for H4 and H5
(Table 1 and Figure 3). The J = 15.2 Hz coupling constant
observed for H4 and H5 (Figure S2D) indicates that the corre-
sponding C4/C5 double bond has E stereochemistry, opposite
to that observed for 1.
We noted that the ratio of 1 and 2 appeared to vary as a func-
tion of time. To examine this phenomena in more detail, S. calvus
att::[bldA, aac(3)IV] was grown in SG medium and aliquots of the
culture were extracted with ethyl acetate every 24 hr. A new peak
4 was noted during this study (Figure 2C), eluting earlier than 1
and 2, which exhibited a typical polyene absorbance spectrum
and a molecular ion ofm/z = 235.2 [M-H] (Figure 2D). The spec-
tral data for 4 is consistent with the polyeneoic acid precursor for
1 and 2 (the proposed structure for 4 is shown in Figure 4A). The
ratio of 1 to 2, determined by integration of the chromatographic
peaks, reached a maximal value of 1:2 z4.5 on day 2 then
steadily decreased to 1:2z0.5 over 7 days (Figure 2E). The ab-
solute intensities of 1 and 2 decreased over time along with theChemistry & Biology 20, 1214–1changing ratio. The polyeneoic acid precursor 4 reached
maximal abundance during days 2 and 3 then diminishing over
the next 2 days (Figure S3).
The structures of 1 and 2 are very similar to the known polyene
antibiotic Sch725424 isolated from a strain of Kitasatospora
(Yang et al., 2005). The polyketide chain of Sch725424 is one
carbon shorter than 1 and 2, and, like 2, possesses E stereo-
chemistry at the C4/C5 double bond. Nevertheless, because
the structures of 1 and 2 are distinct, we have named them
4-Z- and 4-E-annimycin, respectively.
Identification of the Annimycin Biosynthetic Gene
Cluster
A cluster of genes related to the biosynthesis of 1 and 2 was
readily identified in the genome sequence of S. calvus by virtue
of the C5N ring that is present in these molecules. Three genes
encoding the biosynthesis of C5N had previously been identified
in the cluster encoding the large antifungal polyene ECO-02301
(McAlpine et al., 2005). Contig 2782 from the S. calvus genome
sequence contained 3 ORFs (ann1, ann2, and ann3) that encode
close homologs of the C5N biosynthetic enzymes from the ECO-
02301 pathway (Table S1). Downstream from ann1, ann2, and
ann3 on contig 2782 was a partial ORF encoding four modules224, October 24, 2013 ª2013 Elsevier Ltd All rights reserved 1217
Figure 3. Summary of Key NMR Spectro-
scopic Data for 1 and 2
See also Figure S2 and the Supplemental Experi-
mental Procedures (for structural analysis).
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modules were predicted to template the synthesis of the first
three double bonds of 1 (carbons 5–13; Figure 4A). A second
contig, contig 3,100, was identified that encoded two additional
PKS modules terminating with a thioesterase domain, which
would account for the remaining 4 carbons of 1. Primers were
designed to anneal to the sequences given by the 30 and 50
ends of contigs 2,782 and 3,100, respectively (Figure 4A). A
1.3 kb PCR product was successfully amplified from the
S. calvus genome and purified (Figure S4A). DNA sequencing
confirmed that the PCR product overlapped with the 30 and 50
ends of contigs 2,782 and 3,100 (Figure 4A) and the missing
sequence encoded last few amino acids of a ketoreductase
(KR3) and an acyl carrier protein (ACP3).
A single-crossover mutation was introduced into the gene
cluster to confirm its relevance to the biosynthesis of 1 and 2.
An 1,836 bp sequence was used to direct the cross-over to the
KS5 encoding sequence of ann5 and introduce the spectino-
mycin resistance gene aadA (Figure 5A). Two randomly chosen,
spectinomycin-resistant S. calvus exconjugants (S. calvus
att::[bldA, aac(3)IV], ann5::aadA) were selected and used directly
as templates for PCR to confirm the presence of the cross-over
mutation (Figure S4B). Three clones of S. calvus att::[bldA, aac(3)
IV], ann5::aadA mutants were individually grown in patent
medium supplemented with spectinomycin to maintain the sin-
gle cross-over mutation. LC-MS analysis of ethyl acetate
extracts from these cultures did not show a peak with an absor-
bance ormass spectrum corresponding to either 1 or 2, although
the non-ribosomal peptide 3was still produced (Figure 5B, upper
chromatogram). This is in contrast to the S. calvus att::[bldA,
aac(3)IV] strain, which produces a mixture of 1 and 2 along
with 3 (Figure 5B, lower chromatogram).
Analysis of the Annimycin Gene Cluster
All of the genes necessary for the biosynthesis of annimycin are
contained within a single 35 kb cluster. The biosynthetic struc-
tural genes, summarized in Figure 4A, consist of five open
reading frames encoding the biosynthesis of the C5N group
(ann1, ann2, and ann3) and the polyeneoic acid (ann4 and
ann5). Interestingly, TTA codons were not found in any of the
structural genes. The biosynthesis of the C5N ring was recently
reconstructed in vitro with the encoded enzymes (Zhang et al.,
2010), comprised of a pyridoxyl phosphate dependent 5-amino-
levulinate synthase, an ATP-dependent acyl-CoA ligase, and an
ATP dependent amide synthetase. The ann2 gene product has
81% sequence identity to the 5-aminolevulinate synthase from
the ECO-02301 pathway (Table S1; McAlpine et al., 2005), which
condenses glycine and succinyl-CoA in a Claisen-like reaction to1218 Chemistry & Biology 20, 1214–1224, October 24, 2013 ª2013 Elsevier Ltd All rights resform 5-aminolevulinate (Figure 4A; Zhang
et al., 2010). The ann3 product has 56%
sequence identity to the acyl-CoA ligase
from this pathway and is predicted toactivate 5-aminolevulinate as the CoA thioester, which can sub-
sequently undergo intramolecular cyclization with a carbanion
generated at C5 to form C5N (Zhang et al., 2010). The ann2 prod-
uct is predicted to catalyze this cyclization reaction utilizing pyr-
idoxyl phosphate to stabilize the carbanion (Zhang et al., 2010).
The ann1 product has 62% sequence identity with the ATP-
dependent amide synthetase from the ECO-02301 pathway,
and thus is predicted to condense the amine of the C5N group
with the polyeneoic acid product to form annimycin.
The genes ann4 and ann5 encode two polypeptides that
correspond to a type 1 PKS. The ann4 gene product is organized
into four modules and has best sequence similarity to FscC from
the candicidin pathway (64%, Table S1). The arrangement of
each module encoded by ann4, and the presence of KR and
DH domains in each, predicts the synthesis of a triene. The
loading module (module 0 in Figure 4A) contains only AT and
ACP domains, the former predicted from key sequence motifs
(Figure 4B) to load a propionyl unit, either directly from pro-
pionyl-CoA or following decarboxylation of methylmalonyl-
CoA, onto the ACP to initiate synthesis of the polyketide.
Likewise, the sequences of the AT domains in modules 1–3 are
predicted to load the malonyl and methylmalonyl extender units
required to synthesize the first ten carbons of 1 (Figure 4B). The
ann5 gene product is organized into modules 4 and 5, the latter
terminating with a TE domain. In contrast to the ann4 gene prod-
uct, the ann5 product has best sequence similarity (61%) to the
PKS encoded by ORF17 from the pathway for the C5N contain-
ing polyene ECO-02301 (Table S1;McAlpine et al., 2005). The AT
domains of these final modules are predicted to load malonyl
extender units as required to incorporate carbons 1-4 of annimy-
cin (Figure 5B). Module 4 contains KR and DH domains, speci-
fying a double bond between C4 and C5. This module appears
to lack stereospecificity, because 1 and 2 have opposite Z and
E configurations at the C4-C5 double bond. A sequence align-
ment suggests that all of the KR domains are B-type reductases,
which have been shown to produce D-3-hydroxyacyl intermedi-
ates (Figure 5C; Caffrey, 2003; Keatinge-Clay, 2007). The D-3-
hydroxyacyl intermediates are in turn predicted to lead to all E
configuration double bonds, as observed in 2 but not 1, because
DH domains typically catalyze syn-elimination of water (Kea-
tinge-Clay, 2008; Valenzano et al., 2010). Module 5 also contains
a DH domain, which apparently is nonfunctional, because an
alcohol is retained at C3 of 1 and 2. The C3 alcohol is predicted
to have S-stereochemistry (based on Cahn-Ingold-Prelog prior-
ity) according to the D-3-hydroxyacyl intermediate that is pre-
dicted to be formed by the B-type KR present in module 5. The
sequence of DH5 does not differ substantially from the other
DH domains and retains all of the conserved catalytic residueserved
Table 1. Summary of 1H and 13C-NMR Spectroscopic Data for 1
and 2
1 2
C No. d C C Type d H (J, Hz) d H (J, Hz)
1 173.3 C = O – –
2 44.1 CH2 Ha, 2.66 dd (7.8, 14.3) –
2 44.1 CH2 Hb, 2.52 dd (5.6, 16.5) 2.55 m
3 66.0 CH 5.04 m 4.55 m
4 132.0 CH 5.37 dd (9.9, 9.9) 5.73 dd (15.3, 6.4)
5 131.9 CH 6.12 dd (10.9, 10.9) 6.35 dd (15.1, 10.0)
6 123.1 CH 6.55 dd (11.2, 15.4) 6.25 m
7 140.9 CH 6.27 d (15.1) –
8a 134.2 C – –
8b 12.7 CH3 1.86 s –
9 134.0 CH 6.07 d (10.9) –
10 127.1 CH 6.40 dd (11.3, 15.0) –
11 139.2 CH 5.80 dt (7.2, 14.9) –
12 27.2 CH2 2.16 m –
13 14.1 CH3 1.02 t (7.4) –
10 116.0 C – –
30, 40 29.7, br CH2 2.48 s –
Conducted at 400 MHz, CD3OD. Assignments based on heteronuclear
single-quantum correlation, correlation spectroscopy, total correlation
spectroscopy, heteronuclear multiple bond correlation, and rotating-
frame Overhauser effect spectroscopy experiments. Chemical shifts
are referenced internally to the solvent. br, broad signal.
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clear why this domain is nonfunctional.
An additional four ORFs flank the biosynthetic genes above,
some of which may be relevant to the biosynthesis of annimycin.
ORF1 encodes a phosphohistidine phosphatase, which belongs
to a family of phosphatases (cd07067) that frequently occur in
two-component regulatory systems (Table S1). Therefore, the
ORF1 gene product may regulate the expression of the annimy-
cin cluster. ORF2 encodes a member of the YigZ family of pro-
teins whose functions are currently unknown (Park et al.,
2004). ORF3 encodes a protein that has very high similarity to
the membrane efflux transporter encoded by ymR4, found at
the end of the cluster for the polyoxazole/thiazole cyclo peptide
YM-216391 (Chater, 1993; Jian et al., 2012), and by analogy may
serve to transport annimycin out of the cell. Finally, ORF4 en-
codes an ATP-dependent helicase, which likely is not relevant
to the biosynthesis of annimycin.
Biological Activity of Annimycin
The antimicrobial activity of annimycin was tested by Kirby-
Bauer disk diffusion assay against several environmental and
clinically relevant gram-positive and gram-negative bacteria as
well as fungi. It was not possible to completely separate the
annimycin isomers 1 and 2 on a preparative scale; therefore,
the sample that was tested was primarily 1 with approximately
10% 2 (data not shown). We did not observe any significant anti-
microbial activity against these strains (data not shown), which is
surprising because the very similar polyeneoic acid amide,
Sch725424, has been shown to be active against S. aureus atChemistry & Biology 20, 1214–1concentrations as low as 1 mg/ml (Yang et al., 2005). However,
there was one interesting exception in our preliminary screen,
where we noticed significant inhibition of sporulation in a Strep-
tomyces sp. Accordingly, the mixture of 1 and 2 (50 mg) was
subsequently tested against several genera of Actinobacteria.
Inhibition of sporulation was observed with S. coelicolor, Glyco-
myces sp., Kribbella sp., Amycolatopsis sp. (Figure 6), and Non-
omuraea sp. (data not shown), but not Nocardia sp. (data not
shown). As noted in the introduction, the onset of sporulation
in Actinobacteria often coincides with the secondary metabolite
production, therefore we tested if 1 and 2 could also inhibit
secondary metabolism. 1 and 2 did not inhibit the production
of the orange pigment by Glycomyces sp., or the production of
actinorhodin by S. coelicolor, as observed in 12-well plate assay
(Figure S6).
DISCUSSION
The origin of the bald phenotype exhibited by S. calvus has been
established as arising from a point mutation in the bldA gene.
The mutant bldA gene is predicted to encode a misfolded and
nonfunctional Leu-tRNAUUA molecule, which would likely have
a pleiotropic effect in the cell by hindering the expression of
any gene with a TTA codon. This would include the adpA gene,
encoding the A-factor-dependent protein that is necessary for
the expression of genes necessary for sporulation (Chater and
Chandra, 2008; Takano et al., 2003). It is noteworthy that the first
description of S. calvus included observations of ‘‘moderate to
fair’’ sporulation on some solid media (Thomas et al., 1959).
This suggests that either the bldA mutation can be suppressed
under certain conditions (Merrick, 1976), perhaps through
mistranslation of UUA codons (Chater and Chandra, 2008), or
that the sporulating colonies arose through spontaneous rever-
sion of the point mutation to yield a functional bldA gene. This
latter possibility was confirmed in our studies when we observed
a small number of sporulating colonies within dense lawns of
wild-type S. calvus grown on solid media. Sequencing the bldA
gene of these sporulating variants confirmed the presence of a
functional bldA gene.
While the effect of bldA on the phenotype of S. calvus is strik-
ing, what is more interesting is the ability of bldA to unmask a
cryptic biosynthetic pathway. While the bldA dependent expres-
sion of natural product gene clusters has been noted in
numerous cases, all of these studies involved disruption of the
bldA gene in the host chromosome to observe the loss of pro-
duction of secondary metabolites. This study reveals that the
reverse approach can be applied to useful effect. In this case,
expression of a correct copy of a bldA gene in S. calvus triggered
production of secondary metabolites that were encoded by
cryptic genes. Specifically, expression of bldA resulted in dere-
pression of a cluster encoding a Type I PKS, resulting in the
biosynthesis of the polyenes 4-Z-annimycin (1) and 4-E-annimy-
cin (2). As the annimycin cluster does not contain TTA codons in
any of the identified structural genes, the dependence of its
expression on bldA is indirect. The indirect effect of bldA on
gene expression is very common, and has been attributed to
three potential causes (Hesketh et al., 2007): (1) regulation by
proteins encoded by TTA-containing genes, such as the adpA
gene; (2) cotranscription of secondary metabolite genes with224, October 24, 2013 ª2013 Elsevier Ltd All rights reserved 1219
Figure 4. Annimycin Biosynthetic Gene Cluster
(A) Summary of the annimycin biosynthetic gene cluster, the encoded enzymes, and the proposed biosynthetic pathway. Contigs 2,782 and 3,100 from genome
sequence analysis of S. calvus and the overlapping PCR product are indicated. The site of the single-crossover mutation is indicated. A nonfunctional DH domain
is present in module 5 of the PKS and is indicated with an asterisk. PLP, pyridoxyl phosphate.
(B) Key sequence motifs of annimycin AT domains and the predicted acyl-CoA substrate specificities.
(C) Sequence motifs for the annimycin KR domains. The motifs highlighted in gray are numbered according to Keatinge-Clay and predict B-type KR domains
(Keatinge-Clay, 2007).
See also Table S1 and Figure S5.
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cule with a reduced half-life in the cell due to impaired transla-
tion; and (3) repression of gene expression due to abnormal
ppGpp levels in the cell arising from the SOS response. It will
be interesting to see if expression of bldA in other Streptomyces
species will likewise lead to the production of cryptic natural
products. This approach could be applied to other poor sporu-
lating strains of Streptomycetes, although it should be noted1220 Chemistry & Biology 20, 1214–1224, October 24, 2013 ª2013 Ethat the bald phenotype might arise from a variety of sources,
and not simply a defective bldA gene.
Type 1 PKSs generally follow a colinearity rule, whereby the
final structure of the polyketide mirrors the sequential order
and specificities (substrate and stereochemical) of the catalytic
domains that are present in the PKS. The structure of annimycin
deviates in two ways from the product predicted from a colinear
synthesis. First is the presence of a hydroxyl group at C3, whichlsevier Ltd All rights reserved
Figure 5. Identification of the Biosynthetic Genes for 1 and 2
(A) Scheme of the single crossovermutation used to disrupt the annimycin cluster with a spectinomycin (aadA) resistance gene. The four primers used to verify the
insertion and the predicted lengths of the corresponding PCR products are shown with arrows.
(B) HPLC chromatograms of ethyl acetate extracts derived from cultures of S. calvus att::[bldA, aac(3)IV] (bottom) and the single-crossover mutant S. calvus
att::[bldA, aac(3)IV], ann5::aadA (top).
See also Figure S4.
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However, there is also a DH domain in this module, which would
lead to an alkene if this domain was active. Surprisingly, the
conserved active site residues of this DH are present (Figure S5;
Keatinge-Clay, 2008); thus, its lack of activity must be due to a
remote change in this domain, or its interaction with the other
domains of module 5. The second, more dramatic deviation
from colinearity is the presence of cis and trans isomers, origi-
nating from the double bond between C4 and C5, leading to 1
and 2. Surprisingly, the ratio of 1 and 2 changes as the culture
ages, with the cis isomer 1 decreasing in favor of trans 2. At
this point, it is not clear whether this is due to relative stabilities
of 1 and 2, the relative rates of their biosynthesis, or their relative
rates of reactivity. The C4-C5 double bondwould be synthesized
in module 4. The large majority of double bonds in polyketides
are trans, which are believed to arise from the sequential action
of a B-type KR, producing a D-3-hydroxyacyl intermediate, and
the preference for DH domains to perform a syn-elimination of
water by abstracting the L-hydrogen (pro-S) at C2 (Keatinge-
Clay, 2012; Valenzano et al., 2010). One possible origin for cis
double bonds is through the action of an A-type KR to produce
an alcohol with the opposite stereochemical configuration (L-3-
hydroxyacyl intermediate) (Keatinge-Clay, 2012). Subsequent
syn elimination by the DH utilizing the C2 L-hydrogen would
require rotation of the substrate around the C2-C3 bond axis,
leading to a cis-alkene. Overall, the KR from module 4 has the
expected sequence motifs for a B-type reductase (Caffrey,
2003; Keatinge-Clay, 2007), with the exception that the key
‘‘LDD’’ motif has been replaced by ADD (motif 1 in Figure 4C).
The appearance of alanine at this position appears to be very
rare. The leucine residue of the LDD motif is believed to guide
the substrate toward the nicotinamide ring of NADPH in the
B-type KR active site (Keatinge-Clay, 2007). Possibly the shorter
alanine side chain in KR4 allows for flipping of the heterotopic
faces of the b-ketoacyl substrate in the active site. Upon reduc-
tion, both stereoisomers of the alcohol at C3 would be produced
and subsequent dehydration would lead to cis and trans alkenes.
An alternative route to the cis-alkene of 1may involve isomeriza-Chemistry & Biology 20, 1214–1tion of the trans isomer by an accessory enzyme, as shown to
occur during the biosynthesis of phoslactomycins (Palaniappan
et al., 2008) and radicicol (Reeves et al., 2008).
A mixture of 1 and 2 was found to be inactive against most
bacteria and fungi, but instead displayed a surprising ability
to inhibit the sporulation of several genera of Actinobacteria
(Figure 6). This is an intriguing result, as annimycin has a super-
ficial resemblance to the g-butyrolactone signaling molecules
used by S. griseus (A-factor) and S. coelicolor (SCB1, 2,
and 3) to control morphological differentiation and secondary
metabolite biosynthesis (Rebets et al., 2006; Willey and Gaskell,
2011). By competing with the native g-butyrolactones for their
targets, 1 and 2 may inhibit sporulation and possibly biosyn-
thetic pathways. With respect to the latter possibility, 1 and 2
did not affect the production of actinorhodin by S. coelicolor
and an orange pigment produced by Glycomyces sp., indi-
cating that inhibition of sporulation in these strains is occurring
independently of these particular secondary metabolite path-
ways (Figure S6). The above interpretation of bioactivity must
be treated with caution, however, because sublethal concentra-
tions of other antibiotics (e.g., apramycin) that do not target
developmental pathways can also inhibit sporulation in Actino-
bacteria (data not shown). The C5N ring very likely contributes
to the observed bioactivity and has been observed in a number
of other microbial secondary metabolites, including limocrocin
(Brockmann and Grothe, 1953) and the large manumycin and
asukamycin family of antibiotics (Taylor et al., 1998). The func-
tional role of the C5N group in these molecules is not clear,
although it has been proposed that the a,b unsaturated
carbonyl of this group could function as a Michael acceptor,
leading to alkylation of the target biomolecules upon binding
(Zhang et al., 2010). Apart from the mechanism of bioactivity
of 1 and 2, S. calvus would possess a distinct advantage with
the ability to inhibit the development of competing Actinobac-
teria, especially under nutrient-deprived conditions that would
trigger sporulation in these strains. The relative bioactivity of 1
and 2 in this context is also an interesting question that needs
to be addressed.224, October 24, 2013 ª2013 Elsevier Ltd All rights reserved 1221
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Figure 6. Selective Developmental Inhibition in Various Actinobac-
teria by Annimycin
Disk diffusion assays with a mixture of 1 and 2 (approximately 9:1, 50 mg in
MeOH) against Actinobacteria from different genera grown on Bennett’s agar.
Arrows mark zones of inhibition of secondary development. Within these
zones, growth of primary mycelia is still observed. Annimycin caused inhibition
of sporulation in Amycolatopsis sp. and S. coelicolor,whereas it resulted in the
bald phenotype in Kribella sp. and Glycomyces sp. due to total inhibition of
aerial mycelia formation.
See also Figure S6.
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ary metabolite to be unmasked in S. calvus upon expression of
bldA, there may well be others. Foremost among these is nucle-
ocidin. Since the original publication describing the isolation of
this compound (Thomas et al., 1956), no other lab has suc-
ceeded in coaxing S. calvus to produce nucleocidin (O’Hagan
and Harper, 1999). Thus, it is apparent that the strains of
S. calvus that are available from the public collections are no
longer producers of this compound, at least at a significant level,
which poses a significant hurdle to those interested in the
biosynthesis of fluorinated natural products. However, it is
possible that the genes encoding nucleocidin biosynthesis
have become cryptic. A recent report tentatively described the
production of nucleocidin from an rpoB mutant of S. calvus,
but unfortunately the molecule was not purified and definitively
characterized (Fukuda et al., 2009). Nevertheless, this is an
intriguing approach, because it is well documented that muta-
tions in the rpoB gene, encoding the b-subunit of RNA polymer-
ase, can enhance the transcription of natural product clusters
(Ochi, 2007), and thus has the potential to activate cryptic genes.
In a similar fashion, complementation of S. calvus with a correct
copy of the bldA gene may serve as a useful starting point for
reviving production of nucleocidin.
SIGNIFICANCE
Streptomyces calvus has had a long and enigmatic history
as a producer of the rare fluorine-containing natural prod-
uct, nucleocidin. This study applied a genomics-based1222 Chemistry & Biology 20, 1214–1224, October 24, 2013 ª2013 Eapproach to explore the biosynthetic capacity of this un-
usual organism. Genomic analysis identified a point muta-
tion in the bldA gene that accounts for the bald phenotype
and namesake of S. calvus (calvus = bald). The bldA gene
encodes a Leu-tRNAUUAmolecule that is required to express
rare TTA codons, encoding Leu, which are known to be
concentrated in genes encoding biosynthetic and regulatory
proteins. Expression of a correct copy of bldA in S. calvus
not only led to reversion of the bald phenotype to a more
typical sporulating one, but also to the expression of a
cryptic polyketide gene cluster encoding a polyene, annimy-
cin. The biosynthesis of annimycin is unusual in producing a
dynamic ratio of cis- and trans-isomers. The occurrence of
cis-alkenes in polyketides is relatively rare and the mecha-
nism of their biosynthesis is not well understood. Con-
sidering the relatively simple structure of annimycin and its
precursors, this pathway may serve as a useful model sys-
tem to study the formation of cis-alkenes using isolated
PKS modules and N-acetylcysteamine thioester substrates.
Finally, the correction of bldA in S. calvus represents a fresh
start to reviving the production of nucleocidin in this strain
and initiating new studies into the biosynthesis of fluori-
nated natural products.
EXPERIMENTAL PROCEDURES
Strains and Media
Streptomyces coelicolorA3(2) was used as a source of genomic DNA to
amplify a functional copy of the bldA gene. Streptomyces calvus ATCC
(#13382) was used as a host for the expression of the bldA gene. E. coli
XL1-Blue cells (Stratagene) were used for cloning. Media and techniques
used for the cultivation and manipulation of E. coli are described previously
(Sambrook and Russel, 2001). Plasmid DNA was introduced into S. calvus
by intergeneric conjugation using E. coli ET12567/pUZ8002 (Kieser et al.,
2000) as the donor strain. Exconjugants were selected on mannitol-soya-
agar (MS-agar) containing phosphomycin (200 mg/ml) and either apramycin
(50 mg/ml) or spectinomycin (100 mg/ml). S. calvus strains were grown on
mannitol-soya-agar for 4–5 days and pre-cultures were grown in tryptic soy
broth (TSB). Unless otherwise indicated, media used to culture S. calvus/
pUWL-bldA or S. calvus att::[bldA, aac(3)IV] was always supplemented with
apramycin. Details concerning the media used to cultivate S. calvus, genome
sequencing, plasmid construction, sporulating S. calvus variants, character-
ization of the annimycin cluster, NMR spectra, and assignment of the structure
of annimycin are provided in the Supplemental Experimental Procedures.
Analysis of the Secondary Metabolite Profile of S. calvus/pUWLand
S. calvus/pUWL-bldA
S. calvus/pUWL and S. calvus/pUWL-bldA were grown in SG medium for
4 days (28C, 180 rpm). After removing the cells by centrifugation, the super-
natant was acidified to pH = 4 (1 N HCl) then extracted twice with an equal vol-
ume of ethyl acetate. The organic extract was concentrated in vacuo to an
aqueous residue. High-performance liquid chromatography with diode-array
detection and mass spectrometry (HPLC-DAD-MS) analysis was performed
on an Agilent 1100 system equipped with a Waters X-Bridge C18 reverse
phase column (4.6 3 100 mm, 3.5 mm). Compounds were resolved using a
linear gradient of 5:95 (acetonitrile/H2O, 0.5% acetic acid) to 95:5 (acetoni-
trile/H2O, 0.5% acetic acid) over 20 min (0.5 ml/min). The final solvent compo-
sition was held for 2 additional minutes.
To analyze the production of 1 and 2 over time, 21 flasks containing 30ml SG
medium each were inoculated with S. calvus att::[bldA, aac(3)IV] and grown for
7 days (28C, 180 rpm). Each day, three cultures were extracted twice with an
equal volume of ethyl acetate. After concentration in vacuo, the extracts were
analyzed with liquid chromatography and mass spectroscopy (Waters
X-Bridge C18, 4.6 3 100 mm, 3.5 mm) using a modified gradient schemelsevier Ltd All rights reserved
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linear gradient to 50:50 (acetonitrile/water, 0.5% acetic acid) over 14 min
(0.7 ml/min). The eluent was monitored at 305 nm and the ratio of 1 to 2 was
calculated by integration of the peaks. The ratios of the three cultures were
averaged.
Production, Purification, and NMRAnalysis of 4-Z-Annimycin (1) and
4-E-Annimycin (2)
S. calvus att::[bldA, aac(3)IV] was grown in 43 500 ml of MYGlc medium in 2 L
baffled shake flasks for 7 days (28C, 180 rpm). After removing the cells by
centrifugation, the supernatant was acidified to pH = 4 (1 N HCl) then extracted
with ethyl acetate (23 1 l). The organic extract was concentrated to dryness in
vacuo, then subjected to flash silica gel chromatography (Kieselgel 60, Merck).
The first column was developed with a stepwise gradient of 9.5:0.5 DCM/
MeOH to 9:1 DCM/MeOH. A second column was developed with 3:2 ethyl
acetate/n-hexanes, 1% acetic acid. Fractions containing annimycin were
identified by TLC (Kieselgel 60, F254) developed with 3:2 EtOAc/n-hexanes/
1% acetic acid (Rf = 0.25). Purified 4-Z-annimycin (1) was obtained as a brown
gum (4 mg). A mixture of 1 and the 4-E isomer 2 was produced by cultivating
S. calvus att::[bldA, aac(3)IV] in patent medium for 4 days (2 l). Purification of 1
and 2 as amixture (approximately 50:50) was likewise performed as described
above. Attempts to isolate the isomers by prep-HPLC were not successful, so
the mixture was characterized by NMR spectroscopy. NMR spectra for 1 and
2 were acquired on Bruker Avance instruments (400 and 600 MHz) using
CD3OD as a solvent. Chemical shifts were referenced internally to the solvent.
Bioactivity Assays
The bioactivity of annimycin was assayed against Nonomuraea sp., Actino-
planes sp., Glycomyces sp., Streptomyces coelicolor M1154, Kribbella sp.,
Amycolatopsis sp., and Nocardia sp. using the Kirby Bauer disc diffusion
method. Approximately 5 3 104 spores were spread on Bennett’s Agar and
the disks were loaded by 50 mg annimycin in methanol. Methanol (10 ml) and
apramycin (25 mg) served as negative and positive controls, respectively.
The plates were incubated at 30C for 7 days before the results were recorded.
For studying the inhibition of secondary metabolism by annimycin, the same
assay was performed against S. coelicolor M145 and Glycomyces sp. in a
12-well plate with 3 ml/well media.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.chembiol.2013.09.006.
ACKNOWLEDGMENTS
D.L.Z. would like to thank the Natural Sciences and Engineering Research
Council (NSERC), the Queen’s University, and the Ontario-Baden-Wu¨rttem-
berg Faculty Research Exchange Program for financial support. This work
was also supported by a grant from the Canadian Institutes of Health Research
(CIHR) to G.D.W. (MT-14981) and the Canada Research Chairs Program. L.K.
was supported by a CIHR Canada graduate scholarship. Dr. Franc¸oise Sauriol
and Volker Brecht are thanked for their assistance with NMR analyses, and
Christine King is thanked for preparing a gDNA library for sequencing. We
also thank Dr. Andriy Luzhetskyy, Theresa Siegel, Tina Strobel, Johannes
Ha¨rle, and Simone Herrmann for providing plasmids used in this study as
well as for many illuminating discussions.
Received: June 18, 2013
Revised: September 5, 2013
Accepted: September 6, 2013
Published: October 10, 2013
REFERENCES
Baltz, R.H. (2011). Strain improvement in actinomycetes in the postgenomic
era. J. Ind. Microbiol. Biotechnol. 38, 657–666.Chemistry & Biology 20, 1214–1Behnken, S., Lincke, T., Kloss, F., Ishida, K., and Hertweck, C. (2012).
Antiterminator-mediated unveiling of cryptic polythioamides in an anaerobic
bacterium. Angew. Chem. Int. Ed. Engl. 51, 2425–2428.
Bentley, S.D., Chater, K.F., Cerden˜o-Ta´rraga, A.M., Challis, G.L., Thomson,
N.R., James, K.D., Harris, D.E., Quail, M.A., Kieser, H., Harper, D., et al.
(2002). Complete genome sequence of the model actinomycete
Streptomyces coelicolor A3(2). Nature 417, 141–147.
Bode, H.B., Bethe, B., Ho¨fs, R., and Zeeck, A. (2002). Big effects from small
changes: possible ways to explore nature’s chemical diversity.
ChemBioChem 3, 619–627.
Brockmann, H., and Grothe, G. (1953). U¨ber actinomycetenfarbstoffe, II.
Mitteil.: limocrocin, ein gelber actinomycetenfarbstoff. Chem. Ber. 86, 1110–
1115.
Caffrey, P. (2003). Conserved amino acid residues correlating with ketoreduc-
tase stereospecificity in modular polyketide synthases. ChemBioChem 4,
654–657.
Chater, K.F. (1993). Genetics of differentiation in Streptomyces. Annu. Rev.
Microbiol. 47, 685–713.
Chater, K.F. (2006). Streptomyces inside-out: a new perspective on the bacte-
ria that provide us with antibiotics. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361,
761–768.
Chater, K.F., and Chandra, G. (2008). The use of the rare UUA codon to define
‘‘expression space’’ for genes involved in secondary metabolism, develop-
ment and environmental adaptation in streptomyces. J. Microbiol. 46, 1–11.
Fukuda, K., Tamura, T., Segawa, Y., and Mutaguchi, Y. (2009). Enhanced
production of the fluorinated nucleoside antibiotic nucleocidin by a rifR-resis-
tant mutant of Streptomyces calvus. Actinomycetologica 23, 51–55.
Herrmann, S., Siegl, T., Luzhetska, M., Petzke, L., Jilg, C., Welle, E., Erb, A.,
Leadlay, P.F., Bechthold, A., and Luzhetskyy, A. (2012). Site-specific recombi-
nation strategies for engineering actinomycete genomes. Appl. Environ.
Microbiol. 78, 1804–1812.
Hesketh, A., Bucca, G., Laing, E., Flett, F., Hotchkiss, G., Smith, C.P., and
Chater, K.F. (2007). New pleiotropic effects of eliminating a rare tRNA from
Streptomyces coelicolor, revealed by combined proteomic and transcriptomic
analysis of liquid cultures. BMC Genomics 8, 261.
Higo, A., Horinouchi, S., and Ohnishi, Y. (2011). Strict regulation of morpholog-
ical differentiation and secondary metabolism by a positive feedback loop
between two global regulators AdpA and BldA in Streptomyces griseus. Mol.
Microbiol. 81, 1607–1622.
Jian, X.-H., Pan, H.-X., Ning, T.-T., Shi, Y.-Y., Chen, Y.-S., Li, Y., Zeng, X.-W.,
Xu, J., and Tang, G.-L. (2012). Analysis of YM-216391 biosynthetic gene clus-
ter and improvement of the cyclopeptide production in a heterologous host.
ACS Chem. Biol. 7, 646–651.
Keatinge-Clay, A.T. (2007). A tylosin ketoreductase reveals how chirality is
determined in polyketides. Chem. Biol. 14, 898–908.
Keatinge-Clay, A. (2008). Crystal structure of the erythromycin polyketide
synthase dehydratase. J. Mol. Biol. 384, 941–953.
Keatinge-Clay, A.T. (2012). The structures of type I polyketide synthases. Nat.
Prod. Rep. 29, 1050–1073.
Kieser, T., Bibb, M.J., Buttner, M.J., Chater, K.F., and Hopwood, D.A. (2000).
Practical Streptomyces Genetics. (Norwich: The John Innes Foundation).
Lawlor, E.J., Baylis, H.A., and Chater, K.F. (1987). Pleiotropic morphological
and antibiotic deficiencies result from mutations in a gene encoding a tRNA-
like product in Streptomyces coelicolor A3(2). Genes Dev. 1, 1305–1310.
Leskiw, B.K., Lawlor, E.J., Fernandez-Abalos, J.M., and Chater, K.F. (1991).
TTA codons in some genes prevent their expression in a class of develop-
mental, antibiotic-negative, Streptomyces mutants. Proc. Natl. Acad. Sci.
USA 88, 2461–2465.
McAlpine, J.B., Bachmann, B.O., Piraee, M., Tremblay, S., Alarco, A.-M.,
Zazopoulos, E., and Farnet, C.M. (2005). Microbial genomics as a guide to
drug discovery and structural elucidation: ECO-02301, a novel antifungal
agent, as an example. J. Nat. Prod. 68, 493–496.
McKenzie, N.L., Thaker, M., Koteva, K., Hughes, D.W., Wright, G.D., and
Nodwell, J.R. (2010). Induction of antimicrobial activities in heterologous224, October 24, 2013 ª2013 Elsevier Ltd All rights reserved 1223
Chemistry & Biology
Genome Mining in S. calvus and a Cure for Baldnessstreptomycetes using alleles of the Streptomyces coelicolor gene absA1.
J. Antibiot. 63, 177–182.
Merrick, M.J. (1976). A morphological and genetic mapping study of bald
colony mutants of Streptomyces coelicolor. J. Gen. Microbiol. 96, 299–315.
Morton, G.O., Lancaster, J.E., Van Lear, G.E., Fulmor, W., and Meyer, W.E.
(1969). The structure of nucleocidin. 3. (A new structure). J. Am. Chem. Soc.
91, 1535–1537.
O’Hagan, D., and Harper, D.B. (1999). Fluorine-containing natural products.
J. Fluor. Chem. 100, 127–133.
Ochi, K. (2007). Frommicrobial differentiation to ribosome engineering. Biosci.
Biotechnol. Biochem. 71, 1373–1386.
Ohnishi, Y., Ishikawa, J., Hara, H., Suzuki, H., Ikenoya, M., Ikeda, H.,
Yamashita, A., Hattori, M., and Horinouchi, S. (2008). Genome sequence of
the streptomycin-producing microorganism Streptomyces griseus IFO
13350. J. Bacteriol. 190, 4050–4060.
Palaniappan, N., Alhamadsheh, M.M., and Reynolds, K.A. (2008). cis-D(2,3)-
double bond of phoslactomycins is generated by a post-PKS tailoring enzyme.
J. Am. Chem. Soc. 130, 12236–12237.
Park, F., Gajiwala, K., Eroshkina, G., Furlong, E., He, D., Batiyenko, Y.,
Romero, R., Christopher, J., Badger, J., Hendle, J., et al. (2004). Crystal struc-
ture of YIGZ, a conserved hypothetical protein from Escherichia coli k12 with a
novel fold. Proteins 55, 775–777.
Rebets, Y.V., Ostash, B.O., Fukuhara, M., Nakamura, T., and Fedorenko, V.O.
(2006). Expression of the regulatory protein LndI for landomycin E production
in Streptomyces globisporus 1912 is controlled by the availability of tRNA for
the rare UUA codon. FEMS Microbiol. Lett. 256, 30–37.
Reeves, C.D., Hu, Z., Reid, R., and Kealey, J.T. (2008). Genes for the biosyn-
thesis of the fungal polyketides hypothemycin from Hypomyces subiculosus
and radicicol from Pochonia chlamydosporia. Appl. Environ. Microbiol. 74,
5121–5129.
Sambrook, J., and Russel, D.W. (2001). Molecular Cloning: A Laboratory
Manual. (New York: Cold Spring Harbor Laboratory Press).
Takano, E., Tao, M., Long, F., Bibb, M.J., Wang, L., Li, W., Buttner, M.J., Bibb,
M.J., Deng, Z.X., and Chater, K.F. (2003). A rare leucine codon in adpA is impli-1224 Chemistry & Biology 20, 1214–1224, October 24, 2013 ª2013 Ecated in the morphological defect of bldAmutants of Streptomyces coelicolor.
Mol. Microbiol. 50, 475–486.
Taylor, R., Alcaraz, L., Kapfer-Eyer, I., Macdonald, G., Wei, X., and Lewis, N.
(1998). The synthesis of alisamycin, nisamycin, LL-C10037a, and novel epox-
yquinol and epoxyquinone analogues of manumycin A. Synthesis, 775–790.
Tercero, J.A., Espinosa, J.C., and Jime´nez, A. (1998). Expression of the
Streptomyces alboniger pur cluster in Streptomyces lividans is dependent
on the bldA-encoded tRNALeu. FEBS Lett. 421, 221–223.
Thomas, S.O., Singleton, V.L., Lowery, J.A., Sharpe, R.W., Pruess, L.M.,
Porter, J.N., Mowat, J.H., and Bohonos, N. (1956). Nucleocidin, a new antibi-
otic with activity against Trypanosomes. Antibiot. Annu. 1956-1957, 716–721.
Thomas, S.O., Singleton, V.L., and Lowery, J.A. November 1959. U.S. Patent
2914525.
Valenzano, C.R., You, Y.-O., Garg, A., Keatinge-Clay, A., Khosla, C., and
Cane, D.E. (2010). Stereospecificity of the dehydratase domain of the erythro-
mycin polyketide synthase. J. Am. Chem. Soc. 132, 14697–14699.
Wang, J., Schully, K.L., and Pettis, G.S. (2009). Growth-regulated expression
of a bacteriocin, produced by the sweet potato pathogen Streptomyces
ipomoeae, that exhibits interstrain inhibition. Appl. Environ. Microbiol. 75,
1236–1242.
Willey, J.M., and Gaskell, A.A. (2011). Morphogenetic signaling molecules of
the streptomycetes. Chem. Rev. 111, 174–187.
Winter, J.M., Behnken, S., and Hertweck, C. (2011). Genomics-inspired
discovery of natural products. Curr. Opin. Chem. Biol. 15, 22–31.
Yang, S.-W., Chan, T.-M., Terracciano, J., Patel, R., Loebenberg, D., Chen, G.,
Patel, M., Gullo, V., Pramanik, B., and Chu, M. (2005). New antibiotic Sch
725424 and its dehydration product Sch 725428 from Kitasatospora sp.
J. Antibiot. 58, 192–195.
Zhang, W., Bolla, M.L., Kahne, D., and Walsh, C.T. (2010). A three enzyme
pathway for 2-amino-3-hydroxycyclopent-2-enone formation and incorpora-
tion in natural product biosynthesis. J. Am. Chem. Soc. 132, 6402–6411.
Zuker, M., and Stiegler, P. (1981). Optimal computer folding of large RNA
sequences using thermodynamics and auxiliary information. Nucleic Acids
Res. 9, 133–148.lsevier Ltd All rights reserved
